Correspondence should be addressed to V.J.B. (veronica.buckle@imm.ox.ac.uk). 28 A variety of self-interacting domains, defined at different levels of resolution, have been 29 described in mammalian genomes. These include Chromatin Compartments (A and B) 1 , 30
To further test these observations, we used the precisely positioned pairs of plasmid probes 133 (A-E, A-C, A-Ex, and A-Cx), to analyse intra-chromosomal distances in mES and erythroid 134 cells (Extended Data Fig. 3, 4) . As for the BAC probes, we found no significant differences in 135 mES cells between measurements across the self-interacting domain versus the control region 136 (A-Ex versus A-Cx). This finding is supported by NG Capture-C data from the viewpoints of all 137 five plasmid probes where only immediate proximity interactions are detected (Extended Data 138 Fig. 1 ), indicating that no domain of interaction is present at this site in mES cells. Analysing 139 early erythroblasts (MFL 0h), although we find no difference in the median measurements 140 between A-E and A-C, we do find significant difference between A-Ex and A-Cx 141 measurements, in agreement with NG Capture-C data (Fig. 1) where interaction frequencies 142 indicate that the α-globin domain has already formed. In intermediate erythroblasts (MFL 30h) 143 when the α-globin genes are fully active, the difference becomes highly significant for A-Ex 144 versus A-Cx, and with A more frequently closer to Ex and to E, whilst distances between A to 145 C and to Cx increase. These data indicate that even when the α-globin genes are silent or 146 minimally active, proximity has already been established between the extremities of the self-147 interacting domain. In intermediate erythroblasts when >80% of the α-genes are highly active, 148 the extremities are yet more frequently in close proximity, supporting the concept of a 149 dynamically looped domain where sites A and Ex sit in regions defining the borders of 150 generalised interactions. Importantly, the persistence of the spread of the distance 151 measurements observed from individual loci throughout differentiation (Extended Data Figs. 1 152 and 4) implies that this self-interacting domain is not a static loop but rather a dynamic 153 structure that exists in different conformations at any one time point, in agreement with a 154 proposed model based on CTCF/cohesin complex dynamics 15 . 155 To visualize this region at the highest possible resolution we analysed erythroblasts using 156 Stimulated Emission Depletion (STED) imaging 16 . As probes, we used the COMP BAC, which 157 precisely corresponds to the self-interacting domain and the two flanking plasmid probes (A the signals for A and Ex were juxtaposed or overlapping, with the COMP signal distinctly to the side or wrapped around them ( Fig. 3b) . 161
Based on all the data above, we present a model ( It has been proposed that self-interacting domains might result from specific interactions 171 between enhancers, promoters and CTCF/cohesin elements [17] [18] [19] . Recent data 13 , together with 172 the evidence presented here, show that rather than interacting directly with the α−globin 173 enhancers and promoters, the flanking CTCF sites appear to avoid these elements: in fact, 174 each shows interaction with the opposite flanking regions. NG Capture-C analysis indicates 175 that the self-interacting domain still forms in engineered mice with a homozygous double 176 knockout of the two major α-globin enhancers (DKO for MCS-R1 and MCS-R2), although 177 interactions within the domain appear somewhat reduced 20 . Here we examined inter-probe 178 distances in erythroblasts from such mice in which nascent transcription from the α-globin 179 locus is reduced by 90%. This showed that a self-interacting domain still forms in the absence 180 of the major enhancers ( Fig. 4a ). Notably we found a highly significant overlap of F1 with F2 181 signals calculated by Pearson's correlation (coefficients WT 0.75 and DKO 0.67) when 182 compared to COMP with F1 or F2 (coefficients WT 0.46 and DKO 0.46). For plasmid 183 hybridisations, there was also a significant difference in distance measurements for both A-E 184 versus A-C and A-Ex versus A-Cx. (Fig. 4c , Extended Data Fig. 6a, b ). This indicates that the structure we detect in WT erythroblasts, where the extremities of the domain come together, is 186 recapitulated in the double enhancer knockout despite the physical absence of the core 187 binding sites of the two enhancers and the severe reduction in transcriptional output from the 188 α-globin genes. We next analysed erythroblasts from a mouse homozygous for a 16kb 189 deletion that removes both α-globin genes from each chromosome (AMKO), consequently 190 there is no adult α-globin transcription at all. As for WT, we found a significant difference in 191 measurements within and outside of the self-interacting domain ( Fig. 4d , Extended Data Fig.  192 6c) and this is matched by NG Capture-C analysis, which still detects a definable self-193 interacting domain in the absence of the α-globin genes ( Fig. 4e ). Here again we see evidence 194 that the domain structure still forms, this time in the absence of the α-globin promoters and of 195 transcription from the α-globin genes. 196
Finally we asked whether transcriptional up-regulation at the α-globin locus is directly related 197 to chromatin decompaction within the self-interacting domain. Volume measurements of the 198 FISH signal generated using the COMP probe, together with the two flanking probes F1 and 199 F2, indicate that the chromatin within the domain is decompacted compared to the flanking 200 regions in both wild-type and DKO knockout cells ( Fig. 4b ). Hence, within the domain, 201 chromatin decompaction is uncoupled from transcriptional upregulation of the α-globin genes, 202 indicating a response to earlier events at the locus. Decompaction of chromatin has also been 203 uncoupled from enhancer-promoter interaction at the Shh locus in mice 21 . 204 In contrast to many current models of long-range gene regulation, we have shown, using a 205 combination of NG Capture-C, quantitative FISH and super-resolution microscopy, that an 206 erythroid specific decompacted self-interacting domain, delimited by convergent 207 CTCF/cohesin binding sites forms prior to gene up-regulation and does not rely on interactions 208 between the α-globin genes and their enhancers or detectable tissue-specific changes in 209 independent mechanism for opening chromatin. Certainly dCas9 gene activation alone has 212 been shown to be insufficient to create a domain structure 14 , and in Drosophila more generally, 213 TAD formation can arise independently of transcription 22 . Our findings could be explained by 214 the recently proposed mechanism of chromatin loop extrusion 23-25 . This is thought to be an as cohesin, associates with chromatin and travels along the chromatin fibre in opposite 217 directions, creating a progressively larger intervening loop, until the factor is stalled at 218 appropriately orientated CTCF-bound elements. This model would explain our observations 219 that CTCF/cohesin sites flanking the α-globin self-interacting domain become juxtaposed 220 around a decompacted loop of chromatin in erythroblasts. In this model, domains could arise 221 from a dynamic balance of cohesin loading and removal and loop extrusion and blocking 26 . 222
We have previously noted an accumulation of cohesin in erythroid cells around all five 223 enhancer-like elements of the α-globin cluster 13 , which may act as entry points for cohesin. In 224 this study, the remaining erythroid-specific elements in the absence of MCS-R1, MCS-R2 and 225 α-globin genes are MCS-R3, MCS-R4 and Rm, which could play a redundant role in the 226 formation of the self-interacting domain. This would explain a role for cis-elements like MCS-227 R3 and -Rm, which have the signature of enhancers but without obvious enhancer activity 20 , 228 that is distinct from, and is active prior to, gene up-regulation. In this scenario and compatible 229 with our data, the boundary elements of the domain are dynamically brought into proximity as 230 a result of loop extrusion or similar mechanism, rather than initiating the formation of a self-231 interacting domain. Fig. 9a ). In each selected region, thresholding was applied to segment the foci. Firstly the 390 image region was saturated beyond the top 96.5 % intensity level, to reduce the effect of noisy 391 pixels, and then the threshold was calculated as being 90 % of the maximum intensity value of 392 the processed image. This was repeated for both green and red channels and was found to 393 accurately segment the foci from background. Once segmented the inter-centroid 3-D distance 394 visual inspection (Extended Data Fig. 9a ). For the volume analysis, the segmented volume for 396 foci was integrated and converted into μm 3 units and output for each signal. We validated any 397 increase in volume between MFL 0h and 30h by taking volume measurements of fluorescently 398 labelled 500 nm diameter Tetraspeck® beads (Molecular Probes®) incorporated into the 399 mountant where we found the bead volume measurements equivalent at the two time points signals from each channel. Line profile analysis was performed using the Plot Profile function 403 in Fiji 37 . We made initial comparisons between z-steps of 100 nm, 150 nm and 200 nm to 404 assess any effect on inter-centroid 3-D distance measurements (Extended Data Fig. 9b) and 405 established the tolerance of the inter-centroid distances produced by the analysis pipeline to 406 be 53 nm (Extended Data Fig. 9c) . 407
Statistics and reproducibility. 408
Statistical analysis was carried out with Graphpad Prism (version 7.0c) unless otherwise 409 indicated. Gene expression experiments were performed on three biological replicates 410 (standard deviation (s.d.) is shown). All NG Capture-C experiments were performed on three 411 biological replicates with the exception of WT and AMKO capture from R1/R2 which were each 412 derived from one sample. The standard deviation of 250 bp bins was calculated in R and 413 visualized to illustrate the reproducibility of this chromatin interaction analysis. All graphs 414
showing FISH signal inter-distance data display median values with interquartile range with the 415 exception of Extended Data Fig. 9c , which show mean values with s.d.. All volume analyses 416 are displayed as cumulative frequency plots where the bins were in voxel sized increments. 417
The statistical significance of differences in the range of distance measurements and volume 418 measurements were derived as two-tailed by the Kruskal-Wallis test with Dunn's multiple 419 comparisons. P values are represented as * P <0.05; * * P <0.01; * * * P <0.001; * * * * P <0.0001. 420
Data availability. 421
Capture-C data generated for this study have been deposited in the Gene Expression 422 Omnibus (GEO) under accession code (in process of submission). All images files are 423 archived in OMERO and can be made available upon request. Analysis scripts for distance 424 and volume measurements are available at https://github.com/dwaithe/foci_measurements 425 (Note; this will be activated upon manuscript acceptance). All other data supporting the 426 findings of this study are available from the corresponding author on reasonable request. deconvolution (left) with selected nucleus (right), above the sub-stack of 7 Z steps generated from 724 the nuclear signal. The signal is thresholded at 80% of maximum fluorescence then distance 725 between signal centroids is calculated in three dimensions after chromatic shift correction. Scale 726 bars 10 µm and 2 µm. b, A-C distance measurements from the same signal pairs were taken after 727 collection of the image stacks at three different Z steps; 100, 150 and 200 nm. There is no difference 728 between the spread of data or mean values for the three data sets. n=101. c, The tolerance of a 729 FISH experiment represents the distance that can be measured between different fluorescent labels 730 to the same probe. Here we hybridised two pools of oligos for MCS-R2 directly labelled with Cy3 and
